Many mammals have been reported to significantly bias their offspring sex ratios, but these deviations from equality have been difficult to understand and are often inconsistent even within the same species. Evolutionary theory predicts a number of scenarios where females should bias their investment to one sex over the other; when fitness returns are sex specific, selection favors the facultative adjustment of offspring sex ratios to the sex with the highest inclusive fitness return. Interpreting sex allocation in mammals within the framework of classic sex allocation theory is challenging given the complex life histories and social interactions of species, hence it is likely that there are multiple mechanisms and selective forces dependent upon maternal and environmental drivers. Here, we show the previously demonstrated condition-dependent sex allocation in bridled nailtail wallabies (Onychogalea fraenata), where females in better condition were more likely to have sons, was reversed under high population densities and elevated maternal stress. In this solitary species, an elevated glucocorticoid stress response under unnaturally high densities likely influences adaptive sex allocation to the dispersive sex, consistent with the local resource competition theory. Managing factors such as population density, maternal stress, and food resources may be used to adjust offspring sex ratios in this endangered species.
Why animals vary their investment in one sex over the other and what mechanisms underlie this adaptive response in mammals are not well understood. Theory into sex allocation strategies in animals began with Fisher (1958) , who suggested that where the cost of producing male and female offspring is equal, selection should favor an equal sex ratio. However, where the cost of producing one sex is greater, or the inclusive benefits of producing one sex are greater, an offspring sex ratio bias may develop (Charnov 1982; West 2009 ). In macropods, 2 theories for offspring sex allocation are generally regarded as potential explanations: the Trivers-Willard (TW) hypothesis and the local resource competition (LRC) hypothesis (reviewed in Robert and Schwanz 2011) . However, these hypotheses should not be considered as explanations in isolation of each other, given that sex allocation strategies and the sex ratio itself can change rather abruptly from explanations consistent with the assumptions of LRC hypothesis on one hand to those of TW hypothesis on the other (Wild and West 2007) . Trivers and Willard (1973) created predictions about sex allocation in polygynous species based on 3 assumptions: 1) the condition of young at the end of the period of parental investment correlates with the condition of their mother during parental investment, 2) differences in the condition of young at the end of parental investment will be maintained to adulthood, and 3) adult males will gain more advantage from improved condition than adult females as males must compete for breeding rights. Given these assumptions, a female in good condition should bias her offspring production toward sons, who gain the most from good condition and have the greater capacity to produce the highest offspring output in the future. Females in poorer condition should produce daughters who will be less affected by poor condition and do not compete for breeding rights (Trivers and Willard 1973) ; here, parental resources during preweaning investment are most important for offspring fitness.
Local resource competition hypothesis predicts that in a population where one sex is dispersive and the other is philopatric, if resources are scarce, females are more likely to produce a greater proportion of the dispersive sex, thereby reducing future competition for resources with relatives (Clark 1978; Silk 1983) . This offspring sex bias in high-density populations may not reduce competition in itself, but it does reduce competition among related kin, which positively impacts inclusive fitness (Schwanz and Robert 2014) . Production of nondispersing daughters when mothers have plentiful resources may increase local competition for resources on that patch; hence resources after weaning are most important for offspring fitness. Here, dispersive sons are the ones with reduced intrasexual kin competition. Studies of some macropods show support for LRC hypothesis when there are higher reproductive costs, in social species, to mothers with philopatric daughters (Johnson 1986 (Johnson , 1989 , and in solitary species under high densities, to mothers with philopatric daughters (Schwanz and Robert 2014) .
Our capacity to disentangle adaptive hypotheses of sex allocation would be greatly enhanced by a better understanding of the physiological mechanisms that link maternal condition and/or environment to offspring sex. New mechanistic hypotheses have emerged citing the importance of maternal glucose (Cameron 2004) , testosterone (Grant 2007; Grant et al. 2008; Helle et al. 2008) , and the glucocorticoid stress hormones (Love et al. 2005; Ryan et al. 2012) in the production or support of one sex over the other. Specifically, a high glucose environment appears to favor male blastocyst development and offspring production (Gutierrez-Adan et al. 2001; Cameron et al. 2008; Gardner et al. 2010) . Some studies have found that social, nutritional, and translocation stress may be associated with more sons (Bazhan et al. 1996; Linklater 2007; Ryan et al. 2012) or fewer sons (Pratt and Lisk 1989; Love et al. 2005; Linklater 2007) . Other work has shown that ova maturing in follicular fluid in vivo with high levels of testosterone are more likely to be fertilized by a Y-chromosome bearing sperm (Grant et al. 2008) . Mothers of greater dominance and/or in good condition with plentiful resources may have elevated maternal testosterone or diet-induced elevation of glucose, favoring the development and support of male embryos, which is consistent with TW hypothesis. In contrast, mothers experiencing lower dominance and/or high stress might experience stress-induced elevation of glucose and increased production of sons, which is consistent with LRC hypothesis.
Bridled nailtail wallabies (Onychogalea fraenata) are medium-sized, highly solitary, polygynous macropods that satisfy the 3 assumptions (described above) of the TW hypothesis (Fisher 1999; Fisher and Lara 1999; Sigg et al. 2005; Sigg and Goldizen 2006) but also have male-biased dispersal in line with the LRC hypothesis (Fisher 1999; Fisher and Lara 1999) . They were once widespread in eastern Australia but were presumed extinct until 1973 when a small population was rediscovered in Queensland (Gordon and Lawrie 1980; Lundie-Jenkins and Lowry 2005) . Since then, breeding and translocation programs have helped establish additional populations of bridled nailtail wallabies in both Queensland and New South Wales (Pople et al. 2001; Kingsley et al. 2012) . However, bridled nailtail wallabies remain listed as endangered (EPBC Act 1999) and are currently listed as extinct in the wild in New South Wales . Despite these efforts, there are only a few hundred bridled nailtail wallabies remaining in the wild in Queensland (Kingsley et al. 2012) , while Scotia Sanctuary in New South Wales holds more than 2,000 wallabies representing over 70% of the world's remaining bridled nailtail wallabies . The Australian Wildlife Conservancy (AWC) reintroduced bridled nailtail wallabies into this area in 2004, and by 2011 around 1,500 wallabies were protected inside an 8,000-ha feral-free area (population density = 0.2/ha- . A further estimated 500 individuals were held within a smaller 150-ha "breeding compound" resulting in a high-density population (population density = 3.3/ha) sustained by feed supplementation ). This high-density captive population is suspected to have resulted in a male sex ratio bias (S. Legge, Australian Wildlife Conservancy, pers. comm.) with management implications that may require intervention (see Clout et al. 2002) . The current study aimed to investigate 1) whether there is, indeed, biases in sex ratio in this population and if so, 2) what the mechanisms might be. Here, we test for relationships between offspring sex, maternal body condition, population density, glucose, and stress levels, to identify potential drivers of sex allocation within the adaptive framework of sex allocation theory. We hypothesized that female bridled nailtail wallabies in the captive colony are producing a male-biased offspring sex ratio either due to: 1) their good condition (in line with TW hypothesis), as a result of the supplementary feeding schedule, or 2) their elevated stress (in line with LRC hypothesis), which is occurring as a result of their solitary social structure being compromised due to the unnaturally high population densities.
Materials and Methods
Study site.-The study was conducted at the AWC property, Scotia Sanctuary (−33.21°S, 141.16°E) in southwestern New South Wales on the South Australian border between Wentworth and Broken Hill. The sanctuary supports 2 bridled nailtail populations: an intensively managed supplementaryfed ("captive") population located in a 150-ha compound and a "wild" free-ranging population protected from feral predators within two 4,000-ha fenced areas (the 2 areas are named stages 1 and 2- .
Population density estimates.-Two weeks prior to the start of data collection, population density estimates were calculated during regular surveys performed by AWC ecologists. Population density estimates of the "wild" (stages 1 and 2) population were achieved through distance sampling (Buckland et al. 1993) , where 55 nocturnal spotlighting transects of between 200 and 500 m were driven for 12 nights from sundown until approximately midnight. The bearing and distance from the transect to the observed animal were recorded and these data were analyzed in Program Distance Version 6.0 (Thomas et al. 2010 ). The population density estimate for the captive population was calculated using total counts during feeding. As this captive population is reliant upon the feed provided, the number of animals not counted is likely to be small; however, this should be viewed as a minimum count. Counts were made 30 min after the provision of feed through the captive compound by 2 observers in an open vehicle and the 2 counts were averaged, where they differed.
Trapping and sample collection.-Reproductive data were collected from March to June 2012 for a total of 1,486 trap nights. Wallabies were livetrapped using soft-sided "Thomas traps" (450 × 450 × 800 mm, Sheffield Wire Products, Welshpool, Australia), set before dusk, and checked periodically throughout the night. Traps were baited with "Barastoc Completo," horse muesli consisting of a grain mix including barley, oats, chaff, and lupins, coated with molasses (Ridley AgriProducts, Melbourne, Australia). Wallabies were trapped in both the captive compound and throughout the free-living wild population (stages 1 and 2).
While the targets of this survey were reproductive female wallabies with pouch young, all wallabies captured were measured and recorded to examine any population differences and to calculate the proportion of all females that were reproductive. On capture, each wallaby was placed in a hessian sack, and we recorded Passive Integrated Transponder tag numbers and sex. We weighed all individuals to the nearest 50 g using a 10-kg spring balance, measured pes (foot) length and tail circumference to the nearest 0.01 mm using digital calipers. For females, we recorded breeding condition by examining the pouch status (regressed teats, elongated teats, enlarged mammary, pouch young present), regressed teats indicate the female is nonreproductive, an elongated teat with a regressed mammary indicates the female recently weaned a young, while an elongated teat with an enlarged mammary indicates the female is lactating an out of pouch young (Kingsley et al. 2012; Schwanz and Robert 2012) . In addition, the sex of any pouch young was recorded (by the presence or absence of scrotal bulges or a pouch indentation) along with measuring the head length and pes length of the pouch young to the nearest 0.01 mm using digital calipers. Head and pes length was used to age pouch young and back calculate birth dates based on growth tables for the species (Hendrikz and Johnson 1999) .
We obtained blood samples (up to 2 ml) from the lateral caudal vein by veinipuncture using a 22-guage needle from reproductive females with pouch young (39 individuals from the captive population and 18 from the wild population), as well as 10 males from the captive population and 18 males from the wild population for measurement of blood glucose, plasma cortisol (PC; stress hormone), and triglycerides (TGs; see below).
Blood glucose was immediately measured in mmol/l from a drop of whole blood using a handheld glucose meter (AccuChek Go, Roche Diagnostics, Castle Hill, Australia). We transferred the remaining blood for analysis of PC concentrations and TG levels to vials containing sodium ethylene diamine tetraacetic acid (BD Vacutainer, BD, Franklin Lakes, New Jersey) and kept them on ice (maximum of 2 h). Vials were then centrifuged at 3,000 rpm for 15 min, plasma pipetted into Eppendorf tubes and stored frozen until assayed on return to the laboratory. Additionally, where available, a fresh fecal sample was taken from the trap and refrigerated at 4°C until assayed for measurement of fecal glucocorticoid metabolites (FGMs).
Body condition.-We examined multiple body condition indices, including several structural and physiological measures such as tail circumference, serum TGs, body size, body weight, condition ratio of body weight to size, and body mass index (BMI; see Table 1 for summary results). Residuals for BMI were taken from a linear regression of body weight by pes length (see Schwanz and Robert 2012; Robert and Schwanz 2013 for a detailed description). Body condition in mammals is difficult to measure, and it is unlikely that a single index is ideal for all systems (Schulte-Hostedde et al. 2005) . Therefore, we considered 4 maternal morphological or physiological variables that we anticipated would reflect maternal resource access: 1) structural size (pes length), 2) BMI, 3) tail circumference (tail fat storage), and 4) serum TGs (abdominal fat storage). These predictors could represent variation in local resources between populations (captive versus wild) and stored somatic energy reserves used to fuel reproduction (lactation).
TG assay.-Blood samples were assayed for TG levels, a measure used to assess nutritional status in a wide variety of wild animals, including macropods (Robert and Schwanz 2013) because TGs show a strong correlation with the amount of intra-abdominal fat storage (Serrano et al. 2008) . Plasma samples were assayed for TG using a colorimetric assay (Cayman Chemical kit #10010303, Ann Arbor, Michigan) according to the kit's instructions. Plates were read on an Anthos 2010 plate reader (Anthos Labtec Instruments, Salzburg, Austria) at a wavelength of 540 nm. Plasma samples were assayed undiluted and any sample that fell out of the assay range was re-assayed at a 1:10 dilution with assay buffer. All samples were assayed in duplicate, and the average absorbance was used for calculations. TG concentration was determined following calculation of the standard curve using the provided standards. The range of the kit is 0-200 mg/dl TG. Intra-assay and inter-assay coefficients of variation were 3.5% and 10.7%, respectively. Stress hormone analysis.-Glucocorticoid stress hormones were measured from plasma samples (short-term stress response that may be influenced by the capture event) and FGMs (longer-term stress response that is unaffected by the capture event). FGMs may be a better indicator of stress levels compared to those in blood circulation due to handling and trapping stress influencing samples (McKenzie et al. 2004; McKenzie and Deane 2005) . Plasma samples were assayed for cortisol (PC) using an express enzyme immunoassay (EIA; Cayman Chemical kit #500370, Ann Arbor, Michigan) according to the kit's instructions. Plates were read on an Anthos 2010 plate reader (Anthos Labtec Instruments, Salzburg, Austria) at a wavelength of 405 nm. All plasma samples were diluted 1:25 with assay buffer and assayed in triplicate with the average absorbance used in the calculations. The ideal plasma sample dilution was determined using a pooled sample serially diluted, with the dilution that provided the closest to 50% bound utilized for experimental assays. The assay uses a mouse monoclonal antibody, this cortisol antibody cross-reacts 100% with cortisol and has < 5.0% cross-reactivity with other steroids (4.01% prednisolone, 1.58% cortexolone, 0.23% 11-deoxycorticosterone, 0.23% 17-hydroxyprogesterone, 0.15% cortisol glucuronide, 0.14% corticosterone, 0.13% cortisone, all others < 0.01%), and has a detection limit of 110 pg/ml. Binding curves for serial dilution of plasma and cortisol standards were parallel from 39 to 5,000 pg/ml. Intra-assay and inter-assay coefficients of variation were 4.8% and 6.3%, respectively.
For FGM determination, 1 g of feces from each individual was homogenized, transferred to a test tube and freeze-dried at −40°C for 24 h (FreeZone 4.5 liter Freeze Dry System; Labconco Corporation, Kansas City, Missouri), then stored frozen at −80°C until extraction. Fecal hormone metabolites (FGMs) were extracted from 0.4 ± 0.06 g of freeze-dried sample by the methanol vortex method (Wasser et al. 2000) . Five milliliters of 80% methanol was added to the fecal sample and vortexed, this mixture was then put on a shaker for 1 h at room temperature. Samples were subsequently centrifuged at 2,500 rpm for 15 min, and the supernatant stored at −80°C until assayed. Although circulating glucocorticoids (cortisol being the primary glucocorticoid in macropods-McKenzie and Deane 2005) are enzymatically modified during excretion, it is not possible to predict which fecal metabolites may predominate, and development of specific antibodies for the excreted metabolites is impractical. In most mammals, a corticosterone antibody probably acts as a group-specific antibody, with cross-reactivities to multiple glucocorticoid metabolites excreted in the feces (Wasser et al. 2000) . Hence, extracted fecal samples were assayed for FGMs using a corticosterone EIA (Cayman Chemical kit # 500655, Ann Arbor, Michigan) according to the kit's instructions. Plates were read on an Anthos 2010 plate reader (Anthos Labtec Instruments, Salzburg, Austria) at a wavelength of 405 nm. All extracted fecal samples were diluted 1:100 with assay buffer and assayed in triplicate with the average absorbance used in the calculations. The ideal sample dilution was determined during assay validation using a pooled sample serially diluted; the dilution that provided the closest to 50% bound was chosen for experimental assays. The assay uses a corticosterone-specific sheep antiserum, this corticosterone antiserum cross-reacts 100% with corticosterone, has < 12.0% cross-reactivity with other steroids (11% 11-dehydrocorticosterone, 7% 11-deoxycorticosterone, 0.31% progesterone, 0.17% cortisol, 0.06% aldosterone, 0.03% testosterone, 0.02% pregnenolone, 0.01% 5α-dihydrotestosterone, all others < 0.01%), and has a detection limit of 30 pg/ml. Fecal glucocorticoid concentrations are measured as ng FGMs/g dry feces. Validation of the use of corticosterone EIA for measuring FGMs involved serial dilutions (1:12.5, 1:25, 1:50, 1:100, 1:200) of 5 pooled extracted fecal samples, which yielded displacement curves that were parallel to the standard corticosterone curve (χ 2 = 2.584, d.f. = 1, P = 0.108). Performing a physiological validation by injection of adrenocorticotrophic hormone challenge or dexamethasone (Dex) suppression test to induce changes in glucocorticoid secretion and subsequent measurement of FGMs was not possible due to the endangered status of the species, hence we used a biological validation/natural stressor (multiple capture events) to validate FGM increase with a stressor (i.e., capture and handling). Intra-assay and inter-assay coefficients of variation were 4.1% and 4.4%, respectively.
Data analysis.-Offspring sex ratio was compared between the populations (captive versus wild) using Pearson's chisquare analysis. In addition, an odds ratio analysis was applied, which compares the odds of any given offspring being male in the captive population to the odds of any given offspring being male in the wild population. Body condition (BMI and TG concentrations) and stress (PC and FGMs) were compared between the populations and between the sexes (all adult individuals) and examined for any interactions between population and sex using 2-way analysis of variance. Maternal body condition (BMI and TG concentrations) and maternal stress (PC and FGMs) in reproductive females only were compared between populations by independent samples t-tests. Data were tested for normality (Shapiro-Wilk test) and homogeneity of variances (Levene's test) prior to analysis. When necessary, data were log-transformed to meet the assumptions of the test.
We tested whether pouch young sex was related to maternal morphological or physiological traits by performing logistic model selection using stepwise elimination with the maternal traits (and population) as predictors. Significance of each variable was assessed by likelihood ratio tests of the difference in deviance of the model with and without a variable (see Table 2 ). The likelihood ratio statistic (G statistic) was compared with a chi-square distribution. Akaike Information Criterion (AIC c ) were also examined for each model. To test the mechanistic predictions, we examined if offspring sex was related to glucose and/or stress hormones using logistic model selection in the same fashion as above. Entering pouch young age as a covariate into the mechanistic models of offspring sex to account for the variation in timing between sampling and birth date did not improve the model fit in any case. To determine whether stress levels or glucose were related to maternal traits or population and whether they were correlated with each other, we used ANCOVA. All analyses were performed using JMP 10 (SAS Institute Inc. 2012).
Ethics statement.-This research was conducted in strict compliance with ethical standards in Australia, under the ethical approval of La Trobe University's Animal Ethics Committee (approval: AEC11-63) and followed guidelines of the American Society of Mammalogists (Sikes et al. 2011) .
results
Population estimates of bridled nailtail wallabies in March 2012 were at their highest recorded levels. The estimates were 1,846 (1,057-3,222 in stage 1; 0.51/ha), 2,411 (1,566-3,712 in stage 2; 0.60/ha), and 1,089 (captive breeding compound; 7.3/ ha). Two hundred and twenty (135 males, 85 females) wallabies were captured from the captive population and 61 (21 males, 40 females) from the wild population. Forty-nine females from the captive population and 31 from the wild population were reproductive, either carrying a pouch young or suckling an out of pouch young. Only 13.6% of all adult females were nonreproductive (this excludes nulliparous juveniles and subadults). Forty-one females from the captive population and 19 from the wild population were carrying a pouch young, of those 32 and 17, respectively, could be positively sexed. Very young pouch young (< 10 days of age) are difficult to positively assign to sex.
Offspring sex ratio.-There was a significant male-biased offspring sex ratio in the captive population (χ 2 1 = 7.37, P = 0.007) with the odds of a pouch young being male 5.5 times greater for wallabies in the captive population compared to the wild population (odds ratio test). Seventy-five percent of pouch young in the captive population were male, while only 35% of pouch young in the wild population were male (Fig. 1) .
Body mass, size, and condition.-Adult males were larger (pes: t 1,276 = 11.75, P < 0.001), heavier (weight: t 1,254 = 10.37, P < 0.001), and had more fat storage in their tails (tail circumference: t 1,274 = 7.60, P < 0.001) than females in both populations (Table 1) . Wallaby body condition (BMI) was equivalent across populations, between sexes, and there was no interaction, indicating that males and females were responding similarly across populations (BMI: population, F 1,270 = 2.56, P = 0.111; sex, F 1,270 = 0.25, P = 0.618; population × sex, F 1,270 = 0.02, P = 0.89). Reproductive females were in significantly better body condition than nonreproductive females Of the 49 females with pouch young that could be positively sexed, 2 individuals were excluded from the analysis due to incomplete data (one did not have a body mass measure and another had insufficient blood for assays). b AIC c comparison suggests that the model without population, tail circumference, and the population × BMI interaction is favored. Fig. 1 .-Offspring sex ratios of bridled nailtail wallabies (Onychogalea fraenata) at Scotia Sanctuary. In the captive population, 75% of pouch young were male (n = 32), whereas only 35% were male in the wild population (n = 17).
(BMI: t 1,95 = 1.98, P = 0.050). In the analysis of reproductive females only, maternal BMI was significantly higher in the wild population than in the captive population (BMI [reproductive females]: t 1,75 = 2.32, P = 0.028; Fig. 2a ). Triglyceride concentrations were equivalent across populations and between sexes, but a significant interaction in the analysis indicates that males and females were responding differently across populations (TG: population, F 1,84 = 0.52, P = 0.474; sex, F 1,84 = 0.64, P = 0.424; population × sex, F 1,84 = 7.99, P = 0.006). TG levels were significantly higher in males from the captive population compared to the wild population (TG [males]: t 1,26 = −2.446, P = 0.022), while reproductive females had marginally higher TG levels in the opposite direction (TG [reproductive females]: t 1,58 = 1.773, P = 0.081; Fig. 2b ).
Stress hormones.-Plasma cortisol concentrations were equivalent across populations and between sexes, but a significant interaction in the analysis indicates that males and females responded differently across populations (PC: population, F 1,84 = 0.01, P = 0.751; sex, F 1,84 = 1.92, P = 0.170; population × sex, F 1,84 = 4.64, P = 0.034). Males in the wild population have marginally higher nonsignificant PC response compared to males in the captive population (PC [males]: t 1,26 = 1.864, P = 0.074). While reproductive females showed no difference in cortisol response between captive and wild populations (PC [reproductive females]: t 1,58 = −1.507, P = 0.137; Fig. 3a) .
A 1.2-to 1.6-fold increase in FGM levels was detected following a natural stressor (repeated capture 1 day following initial capture, n = 3), indicating that the use of enzyme immunoassay for the measurement of corticosteroids in the species is valid. FGMs were equivalent across populations and between sexes with no interaction in the analysis, indicating that males and females are similar across populations (FGMs: population, F 1,59 = 3.53, P = 0.065; sex, F 1,59 = 0.68, P = 0.413; population × sex, F 1,59 = 0.08, P = 0.304). In the analysis of reproductive females only, the captive females have significantly higher FGM levels than those in the wild (FGMs [reproductive females]: t 1,38 = −2.34, P = 0.024; Fig. 3b) .
Is pouch young sex related to maternal body size and condition?-Maternal BMI strongly predicted the pouch young sex irrespective of population (Table 2 ). Females with a higher BMI were more likely to have daughters, while those with a low BMI were more likely to have sons (Fig. 4a) . Females of a larger structural size (pes length) were more likely to have sons (Fig. 4b) , while smaller females tended to have daughters (Table 2) . Serum TGs had a weak effect on sex with higher TGs associated with females having daughters (Table 2) . When considering maternal BMI and the age and sex of pouch young, there is a similar increase in maternal body condition (BMI) with older pouch young irrespective of the sex of the young (maternal BMI: pouch young age, F 1,44 = 7.64, P = 0.008; sex, F 1,44 = 15.04, P = 0.0003; pouch young age × sex, F 1,44 = 0.36, P = 0.552; Fig. 5) .
Is pouch young sex related to glucose and/or stress hormone levels?-When considering the joint predictive effect of glucose and stress hormones, higher stress levels (FGMs) had a tendency to increase the probability of having a son, while glucose and the glucose by stress hormone interaction were not good predictors of pouch young sex (Table 3 ; Fig. 4c ). The likelihood of having a son in the pouch increased as maternal FGMs increased (χ 2 = 6.34, P = 0.01, n = 36; Fig. 4d ). Are glucose and stress hormone levels interrelated and dependent on maternal condition?-Fecal glucocorticoid metabolites were not related to maternal morphological traits but had a weak association with study population (i.e., population density; Table 4 ). Captive females have higher FGMs compared to wild females ( Fig. 3b ; F 1,35 = 6.00, P = 0.02, n = 36). Glucose was not related to maternal morphological traits but was negatively associated with maternal stress (FGMs; Table 4 ; r 2 = 0.20, P = 0.008, n = 34). However, glucocorticoids appear to lack a diabetogenic effect in the bridled nailtail wallaby as glucose was not related to increased stress due to capture (short-term stress response: PC; r 2 = 0.002, P = 0.726, n = 57).
discussion
We found mothers from the high-density captive breeding population produce significantly more male offspring compared to the low-density wild population. The observed male bias in pouch young is associated with poorer maternal condition and elevated long-term maternal stress (FGMs) but not shortterm stress response (PC), presumably resulting from increased resource competition or social stress in line with predictions of LRC hypothesis (Clark 1978) . Despite frequent supplementary feeding, reproductive females in the captive population were in poorer condition than females from the wild population. The high density of individuals in the captive population (7.3/ha estimated during this study) has resulted in an almost complete absence of forbs, grasses, and palatable shrubs; consequently, the diet of the captive population is comprised almost completely of supplementary feed. Supplementary feed is provided on alternate days and given the poorer condition of the captive population, it suggests that the level of feed supplementation is inadequate. In contrast, the wild population persists at a much lower population density (0.5-0.6/ha during this study) with virtually unlimited grazing and browsing opportunities. Hence, females in the captive population are most likely subject to intense competition for food, resulting in captive females encountering increased social and nutritional stress for a limited amount of resources. Males in the captive population had elevated TG levels indicative of greater internally stored energy reserves (Serrano et al. 2008 ). This may reflect that captive males are monopolizing the supplemented feed, maintaining these animals in relatively good condition compared to reproductive females and wild males. Reproductive females with daughters were consistently in better condition (higher BMI) than females with sons. Therefore, the male-biased offspring sex ratios of this study do not appear to be an adaptive response of mothers in good condition producing sons as predicted by the TW hypothesis. However, with most support for the TW hypothesis (74-88% of studies) occurring when measurements of maternal condition are taken at the time of conception (Cameron 2004) , our results need to be interpreted cautiously. When maternal condition is measured at the time of gestation, only 41% of studies support the TW hypothesis (Cameron 2004) . While our time of measurement may not be ideal (a restriction of the study system), we can be confident that our measurements were made at the equivalent of early gestation in a eutherian mammal (Low 1978) . For a marsupial, this time point represents a period of negligible investment (Green et al. 1988) with offspring < 0.5% Table 3 .-Logistic model selection for predictive ability of maternal glucose and/or corticosterone (mechanistic hypotheses) on sex of pouch young. Plasma glucose (glucose) and fecal glucocorticoids log-transformed (FGM[Log] ). Models were selected by backward elimination using model deviance and comparison of model Akaike Information Criterion (AIC c ). Asterisk denotes when removal of a variable reduced the model fit substantially enough that the variable was retained (P < 0.15). Estimates of the effects of variables are for the log odds ratio of daughter/son. of maternal mass and termination can be made with very little energetic loss to the female. An alternative explanation of mothers with sons being in poorer condition due to the higher cost of raising sons (Festa-Bianchet 1989; Gomendio et al. 1990; Rutkowska et al. 2011; Gélin et al. 2013 ) is unlikely given sexual dimorphism in growth and body size does not begin to manifest until after the pouch young has permanently vacated the pouch (Hendrikz and Johnson 1999) , females also gain condition throughout lactation (irrespective of sex; Fig. 5 -also see Schwanz and Robert 2012) , and cross-fostering offspring by sex between mothers in another similarly sized macropod does not result in termination of the more "costly" sex (Robert and Schwanz 2010) . Females in the captive population excreted higher levels of FGMs than reproductive females in the wild population which may be indicative of elevated environmental, nutritive, or social stress (see McKenzie and Deane 2005) with unnaturally high population densities. Maternal stress provides a plausible mechanistic link between offspring sex biases and the environmental and social stresses commonly invoked to explain adaptive sex allocation. Increased agonistic interactions, such as harassment by males, competition for food, and space with kin, are likely to be the result of the combined effects of a decrease in forage and the high population density of these normally solitary species (Fisher and Lara 1999; Fisher 2000) .
The increased long-term stress levels (FGMs) of mothers with sons are consistent with the adaptive response expected under a LRC effect, where mothers produce the more dispersive sex to reduce competition with their offspring. However, the expectation of a mechanistic link with glucose through nutrition or the glucogenic activity of stress was not supported (also see Schwanz and Robert 2014) and there are 2 likely reasons for this. Firstly, the glucose hypothesis for sex allocation is specific to conception and early blastocyst development (Cameron 2004) . Our measurement of plasma glucose was taken while females were carrying pouch young and may not reflect glucose levels when the young were conceived. We can be confident that resources were equivalent at both time points (conception and with pouch young) for the actively managed captive population but not for the wild population who would be nutritionally impacted by rainfall. The second reason may reflect that bridled nailtail wallabies (as are several other macropods) are resistant to diabetogenic actions of glucocorticoids (Martin and McDonald 1986) .
Unlike most eutherian mammals, marsupial mothers have the opportunity to abandon their pouch young at an early stage of pouch life with very little cost (Low 1978; Robert and Schwanz 2011) . In effect the teat and early lactation have taken over the role of the umbilical cord and gestation, hence any differential allocation to continued maintenance of an offspring does not come at significant cost in a continuous opportunistic breeder. When this differential mortality (secondary sex ratio adjustment) is driving a sex ratio bias, one would expect differences in reproductive failure and the proportion of adult females nonreproductive in each of our populations, but 14% of adult females in the captive population and 13% of adult females in the wild population were nonreproductive. If females achieved a male-biased offspring sex ratio in the captive population by selectively aborting female offspring, you would expect to find a greater proportion of adult females nonreproductive due to being between reproductive cycles. Bridled nailtail wallabies do not have a postpartum estrous, hence with the loss of a pouch young, there is no blastocyst in reserve and there would be a minimum delay of between 32 and 45 days before the birth of the next pouch young. This is based on the time till the next estrous cycle and earliest mating being between 8 and 21 days following the loss of the young and the mean gestation length is 24 days (Johnson 1997) . It seems probable that primary sex ratio adjustment and drivers associated with maternal traits around conception is the most likely timing of sex ratio adjustment in bridled nailtail wallabies (also see Fisher 1999 ) and further work examining mechanistic drivers at these time points will be fruitful.
Given sons disperse further than daughters, females have high site fidelity to shelter sites, and under natural conditions individuals are solitary (Fisher and Lara 1999; Fisher 2000) , LRC hypothesis is a possible explanation for sex ratio variation under high densities. A son would reduce cost to the mother because sons disperse over greater distances, whereas a daughter may pose some costs to mothers because, although they would usually not remain associated with their mothers, they are more likely to acquire an overlapping home range and compete for limited resources (Fisher 2000) . Consequently, in the captive population under high densities, females may be attempting to reduce competition by producing dispersive sons.
The results of the current study are in contrast to the findings of a wild population of bridled nailtail wallabies at lower population densities (0.1-0.3/ha) in Taunton National Park where females in better condition, and those that maintained good condition during a drought, were more likely to have sons (Fisher 1999) . Therefore, sex ratio variation in the Taunton National Park population was most consistent with the TW hypothesis (Trivers and Willard 1973) although our results are consistent with this study in that larger (older) females were more likely to have sons (Fisher 1999) . In another study of reintroduced bridled nailtail wallabies to Idalia National Park, there was some evidence that pouch young sex ratio varied between source populations, independent of maternal body condition (Pople et al. 2001) . The varied nature of these findings in this one species suggests that the adaptive strategies used by bridled nailtail wallabies can change from the explanations of LRC hypothesis at one extreme to TW hypothesis at the other, depending on population densities and environmental conditions. This study has identified a strong sex allocation bias in a captive population and suggests that the sex ratio could be adjusted by managing factors such as population density, maternal stress, and food resources. The development of separate experimental colonies with manipulated feeding programs, density, or hormonal manipulation would provide the framework for robust investigations into the drivers of offspring sex ratio bias in this species. Given the endangered status of bridled nailtail wallabies and the genuine management implications of our work, we believe this study has heeded the call by behavioral and evolutionary ecologists (Linklater 2004; Buchholz 2007) to use proximate and ultimate explanations to benefit conservation outcomes for the successful incorporation of evolutionary theory into applied conservation practice (see Robertson et al. 2006) .
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